For abbreviations of virus names, see Table [1](#Tab1){ref-type="table"}.

Introduction {#Sec1}
============

The compact genomes of viruses offer a limited number of protein targets for the development of anti-infective therapy. Structured RNA elements in viral genomes and transcripts have the potential to expand the target space for antiviral drug discovery. Precedent for clinically approved RNA-binding drugs is found in natural product-derived antibiotics including macrolides, tetracyclins, oxazolidinones, and aminoglycosides which interact with ribosomal RNA (rRNA) of bacteria and block protein synthesis in the pathogens \[[@CR1], [@CR2]\]. The well-defined structure of rRNA provides selective binding sites for these antibiotics which serve as a paradigm for RNA recognition by small molecule ligands. RNA elements in viruses have been extensively explored as potential drug targets in the human immunodeficiency virus (HIV) and hepatitis C virus (HCV) \[[@CR3], [@CR4]\] whose genomes include conserved noncoding regions (ncRNA) that may present structured binding sites for small molecules \[[@CR5], [@CR6]\]. Challenges and successes in the discovery and design of compounds targeting RNA have been discussed in the previous comprehensive review articles which also provide a historic perspective on past efforts to explore viral RNA targets for small molecule inhibitors \[[@CR7]--[@CR12]\]. In the current chapter, I describe progress on discovery and investigation of small molecule ligands for viral RNA targets over the last 2--3 years and include perspectives on potential new viral RNA targets which have not yet been widely explored but may attract interest in pathogens of unmet or emerging medical needs (Table [1](#Tab1){ref-type="table"}).Table 1Viral RNA targetsFamilyVirusGenomeRNA targetSmall molecule ligandsRetrovirusHuman immunodeficiency virus (HIV)(+)ssRNA• Transactivation response (TAR) element• Rev response element (RRE)• Dimer initiation sequence (DIS)• Packaging signal (Ψ) stem-loop 3 (SL-3)• Frameshifting signal (FSS)Reported for all HIV targets; previously reviewed \[[@CR3], [@CR13]--[@CR15]\], and in this chapterFlavivirus (genus hepacivirus)Hepatitis C virus (HCV)(+)ssRNA• Internal ribosome entry site (IRES)• G-quadruplex in the C (nucleocapsid) gene (p22)Previously reviewed \[[@CR4]\], and herereviewed hereInsect-borne flavivirus (arbovirus; genus flavivirus)Dengue (DENV)West Nile (WNV)Yellow fever (YFV)Zika (ZIKV)Tick-borne encephalitis (TBEV)(+)ssRNA• 5′ UTR (including RNA promoter in stem-loop A, SLA; RNA long-range interacting stem-loop B, SLB)• Structured elements in the coding region (including capsid coding region hairpin, cHP; pseudoknot C1)• 3′ UTR (including RNA long-range interacting structures)• 3′ UTR-derived ncRNA (including subgenomic flavivirus RNA, sfRNA, compromising host defense)None published yetCoronavirusSevere acute respiratory syndrome coronavirus (SARS CoV)(+)ssRNA• Frameshifting pseudoknot (PK)Reviewed hereOrthomyxovirusInfluenza A virus(−)ssRNA• RNA promoter for the viral RNA-dependent RNA polymerase (RdRp)Previously reviewed \[[@CR16]\], and reviewed hereFilovirusEbola (EBOV)Marburg (MARV)(−)ssRNA• RNA promoter for the viral RNA-dependent RNA polymerase (RdRp)• Structured intergenic regions (IGR) of the viral genome• 5′ and 3′ UTR in viral transcriptsNone published yetHerpesvirusKaposi's sarcoma associated herpesvirus (KSHV)dsDNA• IRES in the transcript for the viral homolog of the FLICE inhibitory protein (vFLIP)• Polyadenylated nuclear (PAN) noncoding RNANone published yetHepadnavirusHepatitis B (HBV)ds/ssDNA• Encapsidation signal epsilon of viral pregenomic RNA (pgRNA)None published yet

Viral RNA Targets {#Sec2}
=================

While many RNA virus genomes and viral transcripts contain structured and conserved noncoding elements, not all RNA motifs may be accessible to selective targeting with drug-like small molecule ligands. In the following, I will discuss previously validated and new prospective RNA targets of viruses along with their structural properties.

Human Immunodeficiency Virus {#Sec3}
----------------------------

The (+) ssRNA genome of HIV contains multiple regulatory elements that play key roles in transcriptional regulation, reverse transcription, viral protein translation, nucleocytoplasmic transport, genome dimerization, and virion packaging \[[@CR3]\]. The HIV transactivation response (TAR) and Rev response (RRE) regulatory elements were among the first non-ribosomal RNA targets investigated for the discovery of small molecule inhibitors \[[@CR17]--[@CR23]\]. Other potential HIV RNA targets for small molecule ligands include the dimer initiation sequence (DIS), the packaging signal (Ψ), and the Gag/Pol frameshift site (FSS). Three-dimensional structures have been determined for all HIV RNA regulatory elements by NMR and crystallography studies (Fig. [1](#Fig1){ref-type="fig"}). Previous efforts targeting HIV RNA have been reviewed comprehensively (Table [1](#Tab1){ref-type="table"}) \[[@CR3], [@CR10], [@CR11], [@CR13]--[@CR15]\]. In Sect. [3](#Sec11){ref-type="sec"}, I will discuss more recent studies on discovery of inhibitors targeting the TAR and RRE RNA by screening and scaffold-based design.Fig. 1Secondary and three-dimensional structures of HIV RNA elements which were previously explored as targets for small molecule ligands. Codes for atom coordinate files in the Protein Data Bank (PDB) are indicated. (**a**) The transactivation response (TAR) element in complex with a peptide mimetic of the Tat protein (PDB: 2KX5) \[[@CR24]\] (*left*) and with a synthetic small molecule ligand (PDB: 1UUD) \[[@CR25]\] (*right*). (**b**) Complex of the Rev response (RRE) RNA with Rev protein (PDB: 4PMI) \[[@CR26]\]. (**c**) Kissing loop dimer of the dimer initiation sequence (DIS) in complex with the natural aminoglycoside neomycin (PDB: 2FCY) \[[@CR27]\]. (**d**) Complex of the packaging signal (Ψ) stem-loop 3 (SL-3) with nucleocapsid protein (PDB: 1A1T) \[[@CR28]\]. (**e**) The Gag/Pol frameshift site (FSS) in complex with a synthetic small molecule ligand (PDB: 2L94) \[[@CR29]\]

Transcription of full-length HIV transcripts is stimulated by a complex mechanism that involves host cell factors and a complex of the viral Tat protein bound to the TAR element in the 5′ leader region of the virus genome \[[@CR13]\]. Tat recognizes a conserved RNA stem-loop in TAR with a flexible pyrimidine-rich bulge which adopts a stable conformation in complex with the viral protein, peptide fragments, and small molecule ligands. Structures of TAR complexes determined by NMR revealed a relatively shallow and solvent-exposed ligand binding site in the widened RNA major groove, which in case of Tat-derived peptides extends to the terminal hairpin loop (Fig. [1a](#Fig1){ref-type="fig"}). Disruption of the Tat/TAR complex by competing RNA-binding ligands, including peptides, natural products such as aminoglycosides, and synthetic small molecules, blocks HIV replication \[[@CR13], [@CR18], [@CR23]\].

Similarly, the viral Rev protein--RRE RNA complex has been extensively studied as a target for HIV inhibitors \[[@CR3]\]. The RRE sequence of \~250 bases in the second intron of the viral RNA genome adopts a complex secondary structure which contains a stem-loop (SL-IIB) that serves as the binding site for Rev. Nucleocytoplasmic export of full-length and singly spliced viral transcripts depends on Rev binding to RRE. In contrast to Tat, which recognizes TAR RNA through a beta-sheet domain (Fig. [1a](#Fig1){ref-type="fig"}), the RNA binding of Rev is mediated by an alpha helix that inserts in a widened major groove at the purine-rich internal loop of RRE SL-IIB (Fig. [1b](#Fig1){ref-type="fig"}).

The packaging signal resides in the 5′ leader of the HIV genome, downstream of the TAR element, and directs selective packaging of unspliced viral RNA as a dimer into assembling virus particles. Genome dimerization initiates through kissing loop interaction between DIS hairpins and requires in addition the packaging signal (Ψ) stem-loop 3 (SL-3) which binds the viral nucleocapsid protein (NCp7). Both, the DIS and Ψ SL-3 have been explored as targets for ligands that affect viral genome packaging. Three-dimensional structures have been determined for the DIS kissing loop dimer in complexes with aminoglycoside ligands (Fig. [1c](#Fig1){ref-type="fig"}) and the Ψ SL-3 bound to NCp7 (Fig. [1d](#Fig1){ref-type="fig"}). The aminoglycoside binding site is located in the interface region between the kissing loops and resembles the structure of the internal loop of the bacterial ribosomal decoding site (A-site). The SL-3 interacts with NCp7 in the RNA major groove and residues of the loop. Recently, NMR analysis has revealed the three-dimensional structure of a 155-nucleotide region of the viral genome 5′ leader that contains the core encapsidation signal, including the Ψ SL-3 and DIS elements \[[@CR30]\].

The Gag/Pol FSS regulates the transition of highly expressed HIV structural proteins to enzymes expressed at low levels by a programmed −1 frameshift during translation. Ribosomal frameshifting allows to maximize the coding content of viral genomes by giving access to overlapping reading frames \[[@CR31]\]. Frameshifting depends on two distinct RNA motifs, including a slippery sequence for the reading frame change and a downstream motif whose relatively stable secondary structure stalls the ribosome. In HIV, an RNA hairpin with a long GC-rich stem serves as the frameshift motif. Ligands binding at the HIV FSS target may disrupt or stabilize the RNA hairpin and thereby affect the equilibrium between translation of structural and enzymatically functional viral proteins. The three-dimensional structure of the FFS RNA in complex with a synthetic compound has been determined by NMR, revealing ligand binding along the major groove of the hairpin stem (Fig. [1e](#Fig1){ref-type="fig"}).

Hepatitis C Virus {#Sec4}
-----------------

The HCV is a member of the genus hepacivirus in the flavivirus family. HCV proteins are translated by a cap-independent mechanism under the control of an internal ribosome entry site (IRES) in the 5′ untranslated region (UTR) of the viral (+) ssRNA genome. The HCV IRES adopts a structured fold comprised of four discrete domains which play key roles in the recruitment and assembly of host cell ribosomes. An RNA internal loop motif in subdomain IIa serves as a conformational switch during translation initiation and provides the binding site for selective inhibitors of viral translation. The small molecule ligands capture an extended conformation of the RNA switch and inhibit IRES-driven translation \[[@CR32]\]. Discovery of the IRES binding HCV translation inhibitors and studies of their mechanism-of-action have been described in a comprehensive previous review \[[@CR4]\]. Here, I will discuss the HCV IRES target (Fig. [2a](#Fig2){ref-type="fig"}) as well as a recently described G-quadruplex target in the C (nucleocapsid) gene. Progress in the discovery and characterization of HCV translation inhibitors will be outlined in Sect. [3](#Sec11){ref-type="sec"}.Fig. 2Secondary and three-dimensional structures of RNA targets for small molecule inhibitors of HCV translation and influenza A virus replication. Codes for atom coordinate files in the PDB are indicated. (**a**) The HCV IRES subdomain IIa internal loop. Crystal structures have been determined for both, the free RNA and the target in complex with a benzimidazole translation inhibitor (*yellow sticks*) \[[@CR33]\] (PDB: 1UUD) \[[@CR25]\] (**b**) The influenza A virus RNA promoter. A three-dimensional model of a ligand--target complex was determined by NMR spectroscopy \[[@CR34]\]. The ligand is shown in *yellow stick* representation. The added tetraloop is indicated in *grey* (PDB: 2LWK) \[[@CR34]\]

The HCV IRES element recruits ribosomes to the translation start site of the viral genome, without the involvement of most canoncial eukaryotic initiation factors. Because of this crucial role for viral propagation and the high conservation of the IRES RNA sequence in clinical isolates, this ncRNA element has been recognized early as a potential drug target \[[@CR35], [@CR36]\]. Among the first inhibitors of IRES-driven translation described were phenazines \[[@CR37]\] and biaryl guanidines \[[@CR38]\] identified by high throughput screening against reporter translation in cells. IRES binding was not revealed in these studies but structural features of the two chemical series suggest that the compounds may interact with RNA. Screening for direct binding to the viral RNA was the basis of a high-throughput mass-spectrometry approach that identified 2-aminobenzimidazoles as ligands of the subdomain IIa internal loop in the HCV IRES (Fig. [2a](#Fig2){ref-type="fig"}) \[[@CR39]\]. Mechanism of action studies demonstrated that these compounds act as allosteric inhibitors of an RNA conformational switch \[[@CR32]\]. Further investigations revealed that the HCV IRES subdomain IIa motif is the prototype of a new class of RNA conformational switches occurring in the IRES elements of flavi- and picornaviruses. Unlike traditional metabolite-sensing riboswitches, the viral RNA switches are structurally well-defined in both ligand-free and bound states and function as ligand-responsive, purely mechanical switches \[[@CR40]\].

The structural signature of the IIa-like viral switches is an RNA internal loop flanked by two extended helices which adopt an overall bent conformation in the absence of bound ligand (Fig. [2a](#Fig2){ref-type="fig"}). The L-shaped fold provides a scaffold that directs the IRES subdomain IIa hairpin towards the ribosomal E site, at the interface of the small and large subunits. Crystal structure determination has provided insight into the conformational states of the HCV subdomain IIa switch in the absence \[[@CR41]\] and presence \[[@CR33]\] of ligands. It has been suggested that the 2-amino-benzimidazoles are fortuitous ligands of a guanosine binding site \[[@CR42]\] which lock the subdomain IIa target in an extended conformation and thereby inhibit IRES function. In the RNA complex, the 2-aminobenzimidazole inhibitor binds in a deep solvent-excluded RNA pocket that resembles ligand interaction sites in aptamers and riboswitches (Fig. [2a](#Fig2){ref-type="fig"}) \[[@CR33]\].

Recently, an RNA G-quadruplex (RG4) motif has been discovered in the HCV genome which may serve as a potential target for viral inhibitors \[[@CR43]\]. A conserved guanine-rich sequence of the HCV core (C) nucleocapsid gene may transiently fold into an RG4 motif under physiological conditions. Porphyrin derivatives such as tetra-(N-methyl-4-pyridyl)porphyrin (TMPyP4) bind to the RG4 fold and stabilize the RNA motif sufficiently to inhibit viral replication and translation in HCV-infected cell culture \[[@CR43]\]. While these findings support a potential RG4 motif in HCV as a new target for antivirals, a recent genome-wide study in yeast and human cells suggests that RG4 motifs are globally unfolded in eukaryotes, likely due to association with abundant single-stranded RNA-binding proteins \[[@CR44]\]. However, it is conceivable that RG4-binding ligands may trap guanine-rich sequences in the quadruplex conformation and thereby affect biological processes.

Influenza A Virus {#Sec5}
-----------------

The (−) ssRNA genome of the influenza A virus contains eight protein-coding segments (vRNA) which are transcribed to mRNA and replicated to complementary sequences (cRNA). The viral replicase is an RNA-dependent RNA polymerase (RdRp) that recognizes a partial duplex motif \[[@CR45]\] formed through hybridization of complementary sequences at the 5′ and 3′ end of each vRNA segment \[[@CR46], [@CR47]\]. Duplex formation between ends of segments leads to circularization of the vRNA and produces a promoter for transcription and replication \[[@CR48]\]. NMR studies revealed the RNA promoter as an A-form duplex containing a noncanonical A•C base pair next to a uracil base that forms a bifurcated hydrogen bond interaction with two consecutive adenine residues in the opposite strand (Fig. [2b](#Fig2){ref-type="fig"}) \[[@CR49]\]. These structural features induce widening of the RNA major groove in the promoter helix near the polymerase initiation site and may provide a selective recognition motif for small molecule inhibitors of influenza virus RNA replication. Ligands that interfere with replication by binding to the promoter structure would provide a novel route for the development of anti-influenza drugs. In Sect. [3](#Sec11){ref-type="sec"}, I will discuss recent studies of such RNA promoter-binding ligands \[[@CR34]\].

Severe Respiratory Syndrome Coronavirus {#Sec6}
---------------------------------------

In SARS CoV, the expression of viral replicase proteins such as the RdRp involves a −1 programmed frameshift during translation of the (+) ssRNA genome. Ribosomal frameshifting maximizes the coding content of the viral genome by regulating translation of overlapping reading frames \[[@CR31]\]. In some RNA viruses such as SARS CoV and HIV, a −1 frameshift during translation enables a transition in the production of highly expressed structural proteins to viral enzymes expressed at low levels. Ribosomal frameshifting occurs at a slippery sequence and is triggered by a downstream structured RNA motif that stalls the ribosome. The frameshift in HIV translation is triggered by a stable RNA hairpin that has been explored as a target for ligands aimed at stabilizing or disrupting the RNA fold. These earlier efforts on targeting the HIV frameshift signal have been summarized in recent reviews \[[@CR3], [@CR15]\]. The SARS CoV frameshift motif is an RNA pseudoknot \[[@CR50]\] which has recently been studied as a target for small molecule ligands that inhibit ribosomal frameshifting \[[@CR51], [@CR52]\]. Ligand discovery efforts will be discussed in Sect. [3](#Sec11){ref-type="sec"}.

Insect-Borne Flaviviruses {#Sec7}
-------------------------

Insect-borne flaviviruses including West Nile, Dengue, and Zika viruses contain a (+) ssRNA genome. Unlike members of the hepacivirus family (e.g., HCV), these pathogens do not rely on an IRES element for translation but employ other structured RNA motifs for translational control, replication, and host defense suppression (Table [1](#Tab1){ref-type="table"}) \[[@CR53]\]. Conservation and structural features of flaviviral RNA elements suggest that they might be the viable targets for selective small molecule ligands interfering with the biological function of these RNAs. The best-studied motif among such elements is the replication promoter in the 5′ UTR of the Dengue virus (DENV) genome which recruits the viral RdRp \[[@CR54]\]. During replication initiation, the viral RdRp binds at an RNA three-way junction, designated as stem-loop A (SLA), which comprises the first 70 nucleotides of the 5′ UTR \[[@CR54], [@CR55]\]. Replication of the DENV genome is preceded by circularization through complementary sequences in the 5′ and 3′ regions of the UTR and ORF, similar as in the influenza A virus. However, unlike in influenza A, circularization of the DENV genome does not involve the RNA promoter motif SLA \[[@CR55]\]. The DENV SLA was discovered by secondary structure prediction and confirmed by enzymatic as well as chemical probing \[[@CR56]--[@CR58]\]. Key structural elements of the DENV SLA three-way junction are highly conserved in different serotypes and clinical isolates. Mutation studies demonstrated that structural and conformational integrity of the SLA is essential for the function of the RNA promoter \[[@CR54], [@CR56]\], which suggests that ligand binding at the RNA may achieve a similar inhibitory effect.

Filoviruses {#Sec8}
-----------

The etiologic agents of Ebola and Marburg hemorrhagic fever are filoviruses which carry a (−) ssRNA genome. Similar as in the insect-borne flaviviruses and the influenza A virus, filovirus replication requires a structured RNA promoter but unlike in the former viruses the 5′ and 3′ termini of the filovirus genome do not interact during replication. Chemical probing has established an extended hairpin within the first 55 nucleotides of the filovirus genome which serves as the replication promoter in both EBOV and MARV \[[@CR59], [@CR60]\] and represents a potential target for small molecule inhibitors of viral replication. Other potential RNA targets in the filovirus genome occur in the long intergenic regions (IGR) which separate the reading frames for seven structural virus proteins. Specifically, the IGR between VP24 and VP30 has been proposed to adopt a two-armed stem-loop fold including an RNA four-way junction \[[@CR61]\]. RNA hairpin motifs as potential targets in filoviruses are found at transcription start sites and the 5′ UTR of viral transcripts. A hairpin loop at the transcription start site binds the VP30 nucleocapsid protein which serves as an anti-termination factor \[[@CR62], [@CR63]\]. The 5′ UTR elements of viral transcripts derive from IGR and contain hairpin structures which have been proposed to regulate transcription and translation \[[@CR64]\]. A recent bioinformatics analysis of the EBOV genome suggests that a conserved guanine-rich sequence within the L gene coding for the viral RdRp may fold into a G-quadruplex (RG4) that is stabilized by a porphyrin ligand (TMPyP4), similar to the RG4 motif discovered in the HCV core gene \[[@CR65]\].

Kaposi-Sarcoma Associated Herpesvirus {#Sec9}
-------------------------------------

Among DNA viruses that contain potential RNA targets for the development of antiviral drugs is the oncogenic Kaposi's sarcoma associated herpesvirus (KSHV) which causes malignancies in AIDS patients. KSHV-induced tumorigenesis involves the viral homolog of the FLICE inhibitory protein (vFLIP) \[[@CR66]\]. Translation of this protein is driven by a structured RNA element that contains an IRES including a conserved segment of 252 nucleotides \[[@CR67], [@CR68]\]. The vFLIP IRES consists of an independently folding RNA core domain whose secondary structure has been determined by chemical probing and mutational analysis \[[@CR69]\]. The IRES RNA, together with a series of hairpin motifs following immediately downstream, provides structurally well-defined sites for ligands that may suppress vFLIP expression. A second RNA target in KSHV for potential antiviral intervention with small molecule ligands is a conserved hairpin motif which acts as an enhancer of nuclear retention element (ENE) \[[@CR70]\]. The ENE is a 79-nucleotide sequence in the 3′ terminus of the 1,077-nucleotide polyadenylated nuclear (PAN) ncRNA, which is the most abundant viral transcript during lytic KSHV replication \[[@CR71]\]. PAN is an essential component required for viral propagation whose accumulation relies on posttranscriptional stabilization dependent on the cis-acting ENE RNA motif \[[@CR70]\]. The ENE sequesters in cis the PAN poly(A) tail in an RNA triple helix that protects the ncRNA from decay and leads to PAN accumulation \[[@CR72]\]. The ENE hairpin, which contains a U-rich internal loop, and the ENE--poly(A) triple helix complex are potential targets for small molecule ligands that may interfere with KSHV replication.

Hepatitis B Virus {#Sec10}
-----------------

The Hepatitis B virus (HBV) contains a DNA genome that is replicated through reverse transcription of an intermediate pregenomic RNA template (pgRNA) \[[@CR73]\]. The HBV pgRNA is sequestered together with polymerase into subviral particles prior to reverse transcription. Initiation of reverse transcription requires a conserved sequence in the 5′ terminal region of the pgRNA which is also involved in virus encapsidation. The initiation and encapsidation motif adopts a stem loop structure with a uridine-rich internal loop referred to as the epsilon encapsidation signal \[[@CR74]--[@CR77]\]. Small molecule ligands of this RNA motif have not been reported yet, but RNA decoys of the epsilon sequence have been used to sequester reverse transcriptase, thereby providing proof-of-principle that disruption of the pgRNA--polymerase interaction suppresses HBV replication \[[@CR78]\].

Ligands Targeting Viral RNAs {#Sec11}
============================

In the following, I will discuss recent progress on the discovery and design of small molecule ligands for RNA targets from viruses including HIV, HCV, influenza A, and SARS CoV, which were outlined in Sect. [2](#Sec2){ref-type="sec"}.

Human Immunodeficiency Virus {#Sec12}
----------------------------

Among the RNA targets in HIV, the TAR element has been an early and primary focus for efforts to develop ligands that disrupt binding of the viral Tat protein \[[@CR13], [@CR18], [@CR23]\]. Previously reported TAR-binding inhibitor ligands include synthetic molecules, natural products, and peptides whose discovery and design have been summarized in several previous reviews \[[@CR3], [@CR10], [@CR11], [@CR13], [@CR14]\]. In a more recent study, small molecule microarray (SMM) screening of a TAR hairpin RNA conjugated with a fluorescent dye has been used to identify selective ligands from a library of \~20,000 drug-like immobilized synthetic molecules \[[@CR79]\]. The thienopyridine derivative **1** (Fig. [3](#Fig3){ref-type="fig"}) was identified as a hit compound with a target affinity of 2.4 μM and anti-HIV activity in T-lymphoblasts (EC~50~ value of 12 μM). The ligand **1** represents a new and more drug-like chemotype compared to previously reported TAR binders, and lead candidates for the development of antiviral drugs may emerge from future improvement of similar thienopyridine derivatives.Fig. 3Ligands for HIV TAR (**1**--**3**) and RRE (**4**, **5**) RNA targets

In another recent effort to discover TAR-binding ligands, a fragment screen of 29 small molecules selected to represent molecular motifs beneficial for RNA recognition has been performed by applying a fluorimetric competition assay that measured ligand-induced displacement of a dye-labeled Tat peptide from a TAR complex \[[@CR80]\]. The fragments were chosen to include hydrogen bond donors such as amines, guanidines, and amidines as well as aromatic rings to engage in stacking interactions. The most potent competitor ligands of the Tat--TAR interaction identified in the fragment screen were quinazoline derivatives (**2**; Fig. [3](#Fig3){ref-type="fig"}) which inhibited complex formation with IC~50~ values between 40 and 60 μM. Proton NMR spectroscopy confirmed the interaction of the quinazolines with the TAR RNA target as indicated by changes in imino-proton signals upon compound titration. While the ligands emerging from the fragment screening study were not tested for cellular activity, the quinazoline **2a** had previously been identified as an inhibitor of the Tat/TAR complex with biological activity to downregulate Tat transactivation in HIV-infected cells \[[@CR23]\].

A previously reported approach of ligand discovery for the HIV TAR target focused on derivatives of amino-phenylthiazole (termed "S nucleobase") which had previously been developed as a scaffold designed to interact with A--U pairs through hydrogen bonding at the Hoogsteen edge of adenine \[[@CR81], [@CR82]\]. A set of 15 amino acid and dipeptide conjugates of the amino-phenylthiazole scaffold (**3**; Fig. [3](#Fig3){ref-type="fig"}) was tested for TAR target binding and antiviral activity in cell culture. While several derivatives showed binding to TAR in an assay that measured fluorescence changes upon compound titration to a terminally dye-conjugated RNA, only a histidine conjugate (**3a**; Fig. [3](#Fig3){ref-type="fig"}) was a selective ligand whose target interaction was not affected in the presence of competitor nucleic acids. A tighter binding lysine derivative (**3b**; Fig. [3](#Fig3){ref-type="fig"}) was compromised by promiscuous binding to other nucleic acids. Antiviral activity testing of the S nucleobase conjugates **3** in HIV-infected human cells resulted in IC~50~ values over tenfold lower than TAR binding affinity which suggests that these compounds may act also on targets other than TAR.

Structurally more complex ligands of TAR which have been reported recently include aminoglycoside-benzimidazole conjugates \[[@CR83], [@CR84]\] and nucleobase-linked aminoglycosides \[[@CR85], [@CR86]\] for which nanomolar affinity for the TAR RNA has been reported while antiviral activity in cells has not been tested yet.

For the HIV RRE--Rev complex target, inhibitors have mostly been explored by ligand-based design in the past, as summarized in previews reviews \[[@CR10], [@CR14]\], and two studies report small molecule high-throughput screens \[[@CR87], [@CR88]\]. However, these efforts have not resulted in confirmed inhibitors of the Rev--RRE complex that also showed antiviral activity in cells. Recent research suggests that post-transcriptional modification of HIV-1 RRE by N6-methylation of adenine bases in SL-IIB may play a key role in the activity of the RRE/Rev complex \[[@CR89]\], indicating that authentic model systems are requisite for the study of RNA targets.

A binding competition screen for inhibitors of the RRE--Rev interaction has been used to identify inhibitors of HIV RNA biogenesis. Around 1,120 FDA-approved drugs were tested for the ability to block complex formation between the RRE SL-IIB RNA and a fluorescent dye-conjugated Rev peptide \[[@CR90]\]. Two drugs, clomiphene and cyproheptadine (**4** and **5**; Fig. [3](#Fig3){ref-type="fig"}), were identified as inhibitors of HIV transcription that affected levels of spliced versus unspliced viral transcripts. It was shown that clomiphene (**4**), which is approved as a selective estrogen receptor modulator, bound to the RRE SL-IIB RNA with a *K* ~d~ of 12.4 μM and had antiviral activity with an EC~50~ value of 4.3 μM in cells. Cyproheptadine (**5**), which is used as an antihistamine H1 receptor antagonist, bound the RRE RNA with a *K* ~d~ of 1.8 μM and inhibited viral replication with an EC~50~ value of 17.5 μM. While the interaction of clomiphene (**4**) with the RRE RNA target was specific, target binding of cyproheptadine (**5**) was compromised in the presence of competitor nucleic acids. Interaction sites of the drugs **4** and **5** with the RRE target were investigated by NMR, revealing the G-rich internal loop in the lower stem of the SL-IIB RNA as the binding site. This region overlaps with the binding site of Rev, consistent with the proposed mechanism of inhibition by competition between the small molecule ligands and the viral protein. Interestingly, compounds **4** and **5** are quite hydrophobic and lack hydrogen bond donors which suggest that a large number of heteroatom hydrogen bond donors and acceptors are not required to confer RNA targeting properties to small molecule ligands.

Hepatitis C Virus {#Sec13}
-----------------

The HCV IRES subdomain IIa RNA was identified as a target for selective inhibitors of viral translation, as outlined above in Sect. [2.2](#Sec4){ref-type="sec"}, including 2-aminobenzimidazoles (**6**--**8**; Fig. [4](#Fig4){ref-type="fig"}) and diaminopiperidines (**10**; Fig. [4](#Fig4){ref-type="fig"}). The 2-aminobenzimidazole ligands, which were initially discovered in a high-throughput mass-spectrometry approach, were optimized for target binding by using structure--activity relationship data, resulting in inhibitors such as **6** (Fig. [4](#Fig4){ref-type="fig"}) which had an affinity of 0.9 μM (*K* ~d~) for the IRES target and showed anti-HCV activity in cell culture with an EC~50~ value of 3.9 μM \[[@CR39]\]. Mechanism of action studies demonstrated that the 2-aminobenzimidazole compounds act as allosteric inhibitors of an RNA conformational switch in the subdomain IIa \[[@CR32]\]. A FRET-based assay was developed to test compounds for the ability to bind and lock the conformation of subdomain IIa, leading to viral translation inhibition, and thereby identifying inhibitors that capture the IRES RNA switch in an extended state \[[@CR32], [@CR91]\]. Crystal structure analysis of the subdomain IIa target in complex with inhibitor **6a** revealed the ligand binding in a deep solvent-excluded pocket of the RNA \[[@CR33]\]. Structural characteristics, depth, and complexity of the ligand binding pocket suggest that drug-like inhibitors may be developed that target this RNA as selective inhibitors of HCV translation.Fig. 4Ligands for the HCV IRES subdomain IIa RNA target

A different fluorescence assay, which did not rely on FRET, was used to identify diaminopiperidines (**10**; Fig. [4](#Fig4){ref-type="fig"}) as ligands of the HCV IRES which lock the RNA conformational switch in a bent state and thereby inhibit viral translation initiation \[[@CR92]\]. An abundance of polar groups renders the diaminopiperidines hydrophilic compounds whose binding affinity for the subdomain IIa RNA decreases in the presence of salt, including physiological concentrations of sodium or magnesium \[[@CR92]\]. The discovery, optimization, structure, and mechanism of action studies of 2-aminobenzimidazole and diaminopiperidine HCV translation inhibitors have been comprehensively reviewed recently \[[@CR4]\].

In attempts to optimize the synthesis of 2-aminobenzimidazoles such as inhibitor **6**, which required a lengthy route to construct the pyran ring, we designed second-generation ligands for the IRES subdomain IIa target. We synthesized N1-coupled aryl derivatives (**7**) in which sterical hindrance of the aryl substituent induces a nonplanar conformation of the resulting compounds \[[@CR93]\]. To address the basicity of the 2-aminobenzimidazole ligands, which increases the overall charge of the inhibitors under physiological conditions, we replaced the imidazole ring with the less basic oxazole ring to obtain compounds such as **8a** and **8b** \[[@CR94]\]. Neither the N1-coupled aryl benzimidazoles (**7**) \[[@CR93]\] nor the oxazoles (**8**) \[[@CR94]\] had an affinity for the IIa RNA target better than the original 2-aminobenzimidazoles (Fig. [4](#Fig4){ref-type="fig"}).

Based on the finding that 2-aminobenzimidazoles are fortuitous ligands of a guanosine binding site in the subdomain IIa RNA switch, we explored amino-quinazoline derivatives as more drug-like scaffolds to develop ligands for the HCV IRES target. Closer analysis of the ligand binding site in the subdomain IIa led us to the design of the amino-quinazoline fragment **9** (Fig. [4](#Fig4){ref-type="fig"}) whose spiro-cyclopropyl modification targets a small pocket at the backside of the inhibitor interaction site \[[@CR95]\]. While the fragment **9** showed only moderate binding affinity to the HCV IRES target, the positive impact of the hydrophobic spiro-cyclopropyl substituent on ligand binding suggests that inclusion of carefully placed nonpolar groups that improve shape complementarity is a promising strategy for optimization of compounds binding to RNA. Compared to the 2-aminobenzimidazole and oxazole compounds **6**--**8**, the fragment **9** stands out for the simplicity of synthesis which is achieved in only two steps from commercial starting material, thereby allowing straightforward preparation of more potent derivatives in the future.

Ligands for the recently described putative G-quadruplex (R4G) motif in a guanine-rich sequence of the HCV core gene include the porphyrin derivative **11** (TMPyP4) \[[@CR96]\] and the pyridostatin derivative **12** (PDP) \[[@CR97]\] (Fig. [5](#Fig5){ref-type="fig"}) which stabilize the R4G RNA fold sufficiently to inhibit viral replication and translation \[[@CR43]\]. Porphyrins such as **11** have been used before to target DNA G-quadruplexes, for example, in telomeric regions and the c-MYC promoter \[[@CR98]--[@CR100]\] and were recently found to stabilize an RG4 motif in the EBOV genome \[[@CR65]\]. Efficacy studies of TMPyP4 (**11**) in rodent xenograft tumor models revealed that despite the cationic nature of the porphyrin derivative, intraperitoneal administration of the compound resulted in systemic distribution and decreased tumor growth, presumably by action on the c-MYC G-quadruplex DNA target \[[@CR96], [@CR100]\].Fig. 5Ligands for RNA G-quadruplex (RG4) targets, the porphyrin derivative TMPyP4 (**11**) and PDP (**12**)

In addition to small molecule ligands of the HCV IRES, copper-binding metallopeptides have been reported recently which bind at IRES domains and are proposed to inhibit viral translation by damaging the RNA through metal-catalyzed cleavage \[[@CR101]--[@CR103]\]. The IRES-targeting metallopeptides were 7--27 amino acids in length, including a Cu-binding Gly-Gly-His motif followed by an RNA-binding sequence, and inhibited HCV in cell culture with sub-micromolar activity \[[@CR101]--[@CR103]\].

Influenza A Virus {#Sec14}
-----------------

The RNA promoter motif, which provides the initiation site for the influenza A virus replicase, has been proposed as a target for ligands that inhibit viral replication. While aminoglycoside antibiotics were shown to bind the promoter RNA with micromolar affinity, the impact of these promiscuously RNA-binding natural products on replication was not reported \[[@CR104]\]. In a recent study, NMR fragment screening of an oligonucleotide representing the RNA promoter against over 4,000 compounds identified the amino-quinazoline derivative **13a** (Fig. [6](#Fig6){ref-type="fig"}) as a selective ligand with a target affinity of 50 μM \[[@CR34], [@CR105]\]. Modeling of the RNA--ligand complex based on NMR NOE distance constraints suggested binding of the quinazoline ligand **13a** in the major groove at a motif including a bifurcated U \< A/A motif (Fig. [2b](#Fig2){ref-type="fig"}). While the NMR model of the promoter complex shows the quinazoline **13a** interacting with the RNA target by close contacts of ligand methoxy substituents, it is not clear how much contribution to binding may be attributed to hydrogen bonds involving C--H donor groups which are weak and quite rare but not without precedent \[[@CR106]\].Fig. 6Ligands of the SARS CoV frameshifting pseudoknot RNA (**13**) and the influenza A virus RNA promoter (**14**)

Antiviral activity of compound **13a** against different strains of influenza A was demonstrated by measuring inhibition of virus cytopathic effect, with the highest activity achieved on H1N1 with an EC~50~ value of 72 μM \[[@CR34]\]. However, a cell-based viral replication assay returned the antiviral potency of **13a** corresponding to an EC~50~ value in the range of 430--550 μM \[[@CR34], [@CR105]\]. Synthesis of analogs derived from **13a** furnished compounds **13b** and **13c** which had slightly better binding affinity for the RNA promoter and improved activity as inhibitors of viral replication (Fig. [6](#Fig6){ref-type="fig"}) \[[@CR105]\]. However, the investigators noted that direct inhibition of the viral RdRp may contribute to the antiviral activity of the quinazoline derivatives **13** \[[@CR105]\].

Severe Respiratory Syndrome Coronavirus {#Sec15}
---------------------------------------

An RNA pseudoknot in the genome of SARS CoV which triggers a −1 frameshift during translation and thereby enables the transition from production of structural proteins to viral enzymes has been proposed as a target for small molecule ligands that inhibit ribosomal frameshifting. A three-dimensional structure model of the RNA pseudoknot was used for in silico docking which identified the 1,4-diazepane **14** (Fig. [6](#Fig6){ref-type="fig"}) as a potential ligand \[[@CR50]\]. Subsequent testing revealed **14** as an inhibitor of SARS CoV translational frameshifting in vitro and in virus-infected cells \[[@CR50]\]. More recently, binding of **14** at the viral pseudoknot was confirmed by surface plasmon resonance (SPR), however with a relatively weak *K* ~d~ of 210 μM \[[@CR107]\]. Comparison of single-molecule unfolding of the SARS CoV pseudoknot RNA in the absence and presence of **14** suggested that ligand binding reduces the conformational plasticity of the RNA fold which, in turn, affects ribosomal frameshifting \[[@CR108]\]. The ability of the RNA fold to adopt alternate conformations and structures are determinants of frameshifting efficiency rather than thermodynamic stability of the RNA fold or its impact on ribosomal pausing. Therefore, ligand-induced frameshifting modulation may only partially rely on stabilization of an RNA fold. Previously described inhibitors of HIV translational frameshifting may affect ribosome function through promiscuous RNA binding rather than by binding to the viral genomic frameshifting signal \[[@CR15]\]. Similarly, the SARS CoV pseudoknot-binding ligand **14** may interact with other RNA targets as well, which may explain the over 450-fold higher potency of this compound as a frameshifting inhibitor in a cell-based assay \[[@CR50]\] compared to its binding affinity for the pseudoknot RNA \[[@CR107]\].

Summary {#Sec16}
=======

While viruses show high genetic variability, regulatory motifs in viral transcripts and RNA genomes are often conserved in clinical isolates and, therefore, may provide potential drug targets with a high barrier to resistance development. Development of small molecule inhibitors is challenging for structured RNA, however, as target drugability and ligand selectivity have to be carefully evaluated. RNA folds rarely contain deep and structurally rigid binding pockets which are the most promising targets for drug-like ligands. Among viral RNAs, such characteristics are most prominently found in the HCV IRES subdomain IIa which offers additional advantages in targeting as a switch motif whose conformational states may be affected by ligand binding in a deep RNA pocket. Similar well-defined ligand binding sites are present in bacterial riboswitches which have been explored as antibiotic targets \[[@CR109], [@CR110]\]. Just recently, a novel class of synthetic antibacterial compounds has been discovered, which exert their activity through an unprecedented mechanism of action that involves targeting a bacterial riboswitch involved in cofactor metabolism \[[@CR111]\]. This success story of antibiotic discovery for a bacterial RNA target sets a promising precedent for ligand discovery directed at viral RNAs which provide future therapeutic opportunities defined by the targets' structural complexity, participation in key processes of infection as well as high conservation in the pathogens.
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:   Single-stranded RNA
